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ABSTRACT 
Recent studies suggest that multicarrier systems using 
wavelets outperform conventional OFDM systems using the 
FFT, in that they have well-contained side lobes, improved 
spectral efficiency and BER performance, and they do not 
require a cyclic prefix. Here we study the wavelet packet and 
discrete wavelet transforms, comparing the BER performance 
of wavelet transform-based multicarrier systems and Fourier 
based OFDM systems, for multipath Rayleigh channels with 
AWGN. In the proposed system zero-forcing channel 
estimation in the frequency domain has been used. Results 
confirm that discrete wavelet-based systems using Daubechies 
wavelets outperform both wavelet packet transform- based 
systems and FFT-OFDM systems in terms of BER. Finally, 
Alamouti coding and maximal ratio combining schemes were 
employed in MIMO environments, where results show that 
the effects of multipath fading were greatly reduced by the 
antenna diversity. 
Keywords 
OFDM, BER, Multipath, Discrete Wavelet Transform 
(DWT), Wavelet Packet Transform (WPT), Multiple Input 
Multiple Output (MIMO).. 
1. INTRODUCTION 
Contemporary communication systems employ a number of 
different techniques for signal transmission, reception and 
processing [1]. High level methodologies such as multiplexing 
in frequency [2], [3], in time [4] and spatially [5], which are 
now in common use, are undergoing extensive research in the 
search for highest quality of service. 
Orthogonal Frequency Division Multiplexing (OFDM) is the 
main contender for the communication systems of the next 
generation. In this multicarrier modulation technique, the total 
channel bandwidth is divided into different sub-bands and the 
data symbols are then transmitted over these sub-bands. This 
division of the channel bandwidth provides high tolerance 
against multipath fading [6]. OFDM is now accepted as a 
standard in asymmetric digital subscriber line (ADSL) and 
digital video broadcasting (DVB), and in WiMAX and IEEE 
802.11 [7]. 
However OFDM does have major disadvantages, namely 
strong side lobes, high peak to average power ratio (PAPR), 
and sensitivity to carrier timing offset [8]. 
In consideration of the above OFDM limitations, recent 
studies have suggested wavelet-based multicarrier systems 
[9]-[12] as an alternative to conventional FFT-OFDM, using 
the Discrete Wavelet Transform (DWT), or the Wavelet 
Packet Transform (WPT). This may provide all the 
advantages of conventional OFDM, but also mitigate the 
problems of PAPR and carrier timing offset [13]-[15].  
In fast Fourier analysis a signal is decomposed into its 
constituent individual sinusoids, whereas a wavelet transform 
decomposes signal into different bands of the frequency 
spectrum, with the same computational complexity of order 
O(Nlog2N) [16] for discrete cosine while many other types of 
wavelet transforms in which FFT is approximated using 
wavelets can be effectively computed with the time 
complexity of O(N) [17]. Inter-symbol interference (ISI) and 
inter-carrier interference (ICI) arising from the loss of 
orthogonality of transmitted symbols in OFDM can be 
countered by the use of wavelets and in [18], the effect of 
narrowband interference has been shown to be more 
pronounced in OFDM using the FFT rather than the DWT.   
The wavelet-based system achieves orthogonality through the 
use of orthogonal wavelet filters, also referred to as filter 
banks [19]. The DWT produces narrow side lobes with large 
power spectral density. No cyclic prefix insertion is required, 
which can save up to 25% of the bandwidth making wavelet-
based multicarrier systems more bandwidth efficient [20]-[24] 
and enabling improved BER performance. The wavelet 
transform represents signals jointly in the time and frequency 
domains, using multi-resolution analysis. This property of 
wavelets also makes them suitable for treating signals with 
exotic spectral properties, for example signals that have time-
dependent spectral properties.   
More recently, the present authors in R. Asif et al [25] have 
proposed DWT for multi-carrier modulations using time 
domain equalization. In this study we present a new way of 
channel equalization when working with wavelets. We 
examine the ISI, and compare the performance of different 
wavelet families in terms of signal reconstruction. DWT and 
WPT methods are studied in terms of processing time and 
performance. Another major contribution of this study is the 
extension of the DWT technique into the MIMO environment 
where the performance of the system has been evaluated using 
both receive and transmit diversity techniques. 
Section II of this paper illustrates the baseband architecture 
and implementation of the proposed system. The simulation 
results are discussed in Section III and Section IV contains the 
conclusions. 
2. DWT BASEBAND ARCHITECTURE 
AND IMPLEMENTATION 
The continuous-time wavelet transform (CWT) can be 
written [26]: 
 
 𝐶𝑊𝑇 𝑥 𝜏, 𝑎 =   𝑥(𝑡), 𝜓𝑎 ,𝜏 
=  
1
√ 𝑎 
 𝑥(𝑡)𝜓∗  
𝑡 − 𝜏
𝑎
 
∞
−∞
𝑑𝑡 
 
(1) 
  
In this equation the parameter „a‟ is a scaling factor which 
controls the scaling of the signal in frequency and τ is the shift 
parameter which controls the signal dilation or contraction in 
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time, while  𝜓∗ is the function which defines the CWT, known 
as the mother wavelet from which all daughter wavelets that 
are used in transformation are derived. „*‟ denotes the 
complex conjugate. 
 The mother wavelet is designed such that it can be 
inverted and the original signal can be retrieved, so that in 
theory we can write the inverse of the CWT as [27]: 
𝑥 𝑡 =  
1
𝐶𝜓
  
1
𝑎2
𝑥
 
𝜏
(𝑎, 𝜏)𝜓  
𝑡 − 𝜏
𝑎
 
 
𝑎
𝑑𝑡𝑑𝑎  
 
(2) 
However, in its continuous form the transform is extremely 
redundant, involves extensive analytical calculation, and, 
cannot easily be inverted in practice. To avoid these 
difficulties, the wavelets are made discrete using scaling and 
translation parameters 𝑎 = 2−𝑗 /2 and 𝜏 = 2𝑗𝑘 respectively, so 
that the DWT transformed signal can be written as [27]: 
𝐷𝑊𝑇𝑥 𝑗, 𝑘 =   𝑥, 𝜓𝑗 ,𝑘  
= 2
−𝑗
2  𝑥 𝑛 𝜓(2−𝑗
∞
𝑛=−∞
𝑛 − 𝑘) 
  
(3) 
In this study, we have constrained ‘n’ into a positive finite 
region only, since the length of a signal cannot be infinite. 
This transform can be readily inverted to retrieve the original 
signal as follows, 
𝑥 𝑛 =   𝐷𝑊𝑇𝑥 𝑗, 𝑘 𝜓 2−𝑗𝑛 − 𝑘       
∞
𝑗=−∞
∞
𝑘=0
 
 
(4) 
With the above baseband architecture, a Multiple Input 
and Multiple Output (MIMO) front-end is then appended to 
the DWT-OFDM whereby data is both transmitted and 
received by multiple antennas. MIMO systems can provide 
significant increases in data throughput and link reliability 
without any additional bandwidth usage. This form of 
baseband and front-end formulation is known to achieve high 
spectral efficiency and throughput [28]-[30]. 
2.1 Proposed Wavelet based Multicarrier 
System 
The proposed implementation has similarities to FFT-OFDM. 
On the transmitter side data bits are modulated, for example 
using BPSK or higher level modulation, mapping the data into 
symbols, which then pass through a serial to parallel converter 
to reform as N parallel streams, where N is the number of sub-
channels. Next, orthogonal wavelet division multiplexing is 
applied: a pair of data streams xi(n) are up-sampled by a factor 
of two and then passed through a Quadrature Mirror Filter 
(QMF) bank that consists of two half-band filters. These are a 
lowpass filter (LPF), with impulse response h, and a highpass 
filter (HPF) with impulse response g. These convolve with the 
signal, such that xlow[n] = h[n]*x[n] and xhigh[n] = g[n]*x[n],  
where x[n] is the original signal.  
The coefficients output from the two filters constitute a 
wavelet symbol. The combined process of up-conversion and 
filtering is known as synthesis, and is repeated successively to 
complete the translation-scaling process. Fig. 1 shows a two 
level wavelet synthesis process, also called the Inverse 
Discrete Wavelet Transform (IDWT). 
 
 
Fig. 1. 2-Level Wavelet Synthesis 
The synthesized data is then passed through the channel in the 
presence of AWGN as shown in Fig.  2. 
 
          Fig. 2.  Proposed DWT multicarrier system. 
The convolution between the channel and the signal is linear 
and the effects are discussed in Part (C). 
On the receiver side, the received signal is converted to the 
frequency domain using FFT and then equalized using zero 
forcing (ZF) equalization algorithm. Once the received signal 
is successfully equalized in the frequency domain it is 
converted back to time domain using IFFT and then analyzed 
using discrete wavelet transform process. This involves 
conjugate high pass h*(-n) and low pass filters g*(-n) 
followed by down-sampling by a factor of 2. This process is 
repeated until the initial N parallel streams are obtained, 
which are passed through a parallel to serial convertor and 
demodulated. Fig. 3 shows two levels of the DWT. 
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Fig. 3.  2-Level Wavelet Decomposition. 
Consider an input sequence, x(n), which is to be 
transformed by a scaling filter g(n) with coefficients [g(0), 
g(1), g(2), g(3)] and wavelet filters h(n) with coefficients 
[h(0), h(1), h(2), h(3)]. These will be convolved with x(n) 
according to the following [31], [32]; 
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(5) 
By a lifting scheme [32]-[35] the LPF and the HPF can form a 
single function p(n), and we can express the relation above in 
a compact form as; 
𝑦(𝑛)  =  𝑝(𝑛) ∗ 𝑥(𝑛) (6) 
p(n) in the relation above has been shown in M. Vetterli et al 
[31] to be a Toeplitz matrix. The shifting by 2 (looking from 
the left-hand-side) in the matrix equation is produced by the 
up-sampling (or down-sampling, as the case may be) in the 
wavelet configuration [32]. The matrix for the filter impulse 
response must be resized according to the length of the input 
signal. 
As the signal y(n) traverses the multipath channel, the 
orthogonality of the symbols will be lost but if delays are not 
longer than the shifts during the scaling and translations, by 
applying equivalent matching filters, the signals will be 
correctly reconstructed [36]. 
The relationship between the high-pass and low-pass filters of 
QMF banks can be expressed mathematically as: 
)1()1()( nlgnh n   
(7) 
Where, l is the length of g(n). 
 
2.2 Multi-resolution Analysis and Sub-
Band Coding 
Various techniques of multi-resolution analysis enable signals 
to be analyzed into multiple frequency bands. The approach 
employed in this investigation is called sub-band coding in 
which signals are divided into several independent sub-bands. 
 
 
Fig. 4.  Two channel sub-band coding analysis and 
synthesis. 
The block diagram in Fig. 4 shows one stage of analysis and 
synthesis. Two parallel streams are created by de-multiplexing 
the input signal stream, one of which is analyzed using the 
low pass filter and the other using the high pass filter. 
Meanwhile, the input signal and the filter follow the z-
transform tradition as follows; 
𝑋 𝑧 =  𝑥 𝑛 𝑧−𝑛
𝑛
 
(8a) 
Where, 
𝑧−𝑛 = 𝑒−𝑗𝑛𝜔  (9) 
The intermediate signals A’(z) and B’(z) that are obtained 
after the filtering process of X(z) are as follows: 
𝐴′ 𝑧 =  𝑋 𝑧 𝐺 𝑧   (10) 
And, 
𝐵′ 𝑧 =  𝑋 𝑧 𝐻 𝑧  (11) 
A`(z) and B`(z) are then down-sampled by a factor of 2, to 
give: 
𝐴 𝑧 =
1
2
 𝐴′  𝑧
1
2 +  𝐴′  −𝑧
1
2   
(12) 
And, 
𝐵 𝑧 =
1
2
 𝐵′  𝑧
1
2 +  𝐵′  −𝑧
1
2   
(13) 
Following the signal path on Fig. 4, these signals are then 
up-sampled by a factor of 2 to give two intermediate signals 
as follows: 
𝐴"(𝑧) = 𝐴(𝑧2)  (14) 
And, 
𝐵"(𝑧) = 𝐵(𝑧2) (15) 
Now, substituting (10) in (12) and (11) in (13) yields: 
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𝐴"(𝑧) =
1
2
[𝐴′(𝑧) + 𝐴′(−𝑧)] 
 
(16) 
And, 
𝐵"(𝑧) =
1
2
[𝐵′(𝑧) + 𝐵′(−𝑧)] 
 
(17) 
Hence the output produced by the filter bank can be 
expressed by the following: 
𝑋  𝑧 =  𝐴"(z)𝐺 (z)+B" 𝑧 𝐻  𝑧  (18) 
Substituting (16) and (17) into (18), 𝑋 (𝑧) is given by: 
𝑋  𝑧 =  
1
2
 𝐴′ 𝑧 + 𝐴′ −𝑧  𝐺  𝑧 
+
1
2
 𝐵′ 𝑧 + 𝐵′ −𝑧  𝐻  𝑧  
 
(19) 
It follows that the synthesized output can be given in terms of 
the original signal, X(z) by substituting the values of (10) and 
(11) into (19), 
𝑋  𝑧 =
1
2
 𝑋 𝑧 𝐺 𝑧 +  𝑋 −𝑧 𝐺 −𝑧  𝐺  𝑧 
+
1
2
 𝑋 𝑧 𝐻 𝑧 
+  𝑋 −𝑧 𝐻 −𝑧  𝐻  𝑧  
 
(20) 
Simplifying (20), results in: 
𝑋  𝑧 =
1
2
 𝐺 𝑧 𝐺  𝑧 +  𝐻 𝑧 𝐻  𝑧  𝑋 𝑧 
+
1
2
 𝐺 −𝑧 𝐺  𝑧 
+  𝐻 −𝑧 𝐻  𝑧  𝑋 −𝑧  
(2(         (21) 
It is worth noting that the estimated signal 𝑋  𝑧  in (21) 
contains both the original transmitted signal (first term) and 
an associated alias part in the second term. 
In order to remove the aliasing part, the second term is set to 
zero, i.e. 
                      𝐺 −𝑧 𝐺  𝑧 +  𝐻 −𝑧 𝐻  𝑧 =  0 (22) 
To extract a realizable solution for (20), H(z) is taken as a 
Finite Impulse Response (FIR) filter of order (N+1), where N 
is always an odd number. Then the following two conditions 
are applied to compensate the anti-aliasing in (22): 
𝐺  𝑧 =  −𝐻 𝑧  (23a) 
And, 
𝐺 𝑧 =  𝐻  𝑧  (23b) 
With anti-aliasing imposed, the output produced by the filter 
bank (𝑋  𝑧 ), in (21) reduces to: 
𝑋  𝑧 =
1
2
 𝐺 𝑧 𝐺  𝑧 +  𝐻 𝑧 𝐻  𝑧  𝑋 𝑧  
(24) 
We now need the following well known definitions [30]: 
𝐻  𝑧  𝑧−𝑁𝐻(𝑧−1)=
△  (25a) 
𝑕 (𝑛)  𝑕 𝑁 − 𝑛 =
∆  (25b) 
𝐺  𝑧  𝑧−𝑁𝐺 𝑧−1 =
∆  (26a) 
 
And  
𝑔 (𝑛) 𝑔 𝑁 − 𝑛 =
∆   (26b) 
If (23b) and (25a) are combined, G(z) can be expressed in 
terms of H(𝑧−1)  thus: 
𝐺 𝑧 = 𝐻  −𝑧 = − 𝑧−𝑁 𝐻(−𝑧−1)  (27) 
 
The above equation can also be rewritten in the following 
format: 
𝐺 𝑧 =  −𝑧−𝑁𝐻 −𝑧−1     (28) 
Now substituting (23a), (25a) and (28) into (24),  𝑋 (𝑧) can 
be written in terms of H(z) as follows:  
𝑋  𝑧 =
1
2
 −𝑧−𝑁𝐻 −𝑧−1  −𝐻 −𝑧  
+ 𝐻 𝑧 𝑧−𝑁𝐻 𝑧−1  𝑋 𝑧  
   
 (29) 
The simplified form of (29) is given by: 
𝑋  𝑧 =
1
2
 𝐻 −𝑧 𝐻 −𝑧−1 
+ 𝐻 𝑧 𝐻 𝑧−1  𝑧−𝑁𝑋 𝑧  
  
 (30) 
Setting the inner elements within the two brackets of (30), 
equal to the value 2: 
𝐻 −𝑧 𝐻 −𝑧−1 +  𝐻 𝑧 𝐻 −𝑧−1 =  2 (31) 
It follows that the estimated signal 𝑋  𝑧   will be precisely 
equal to the transmitted signal X(z) with an N sample delay. If 
(9), is used in (31), this gives: 
 
 𝐻(𝑒𝑗) 
2
+  𝐻(𝑒𝑗  𝜔+𝜋 ) 
2
= 2 (32) 
 
 
Fig. 5.  Proposed Alamouti Coded 2x1 DWT-MIMO 
Multi-Carrier System 
Thus the criterion for perfect reconstruction is expressed by 
(32) or equivalently by (31). H(z) and G(z) are quadrature 
mirror filters.  If H(z) is known, the three required filters 
given in (23a), (25a) and (28) can be easily derived to form 
the perfect reconstruction filter bank. 
2.3 Zero Forcing Equalization 
Channel estimation in wavelet-based multicarrier systems is a 
challenge, and finite impulse response (FIR) based zero-
forcing was proposed in Farrukh et al [22] for a time domain 
equalization. In this work, we implement frequency-domain 
equalization. An FFT operation has been performed on the 
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wavelet signal at the receiver (see Fig. 2, 5 and 6) according 
to the following; 
 
𝑆(𝑓)
FFT
  𝑋(𝜏, 𝑎) (33) 
Where, 𝑋(𝜏, 𝑎) is the wavelet-domain signal scaled by “a” 
and shifted by “𝜏” and S(f) is the transformed signal which 
will pass the equalizer. 
In conventional OFDM systems where a cyclic prefix is 
included, linear convolution in the time domain with channel 
impulse response h(𝜏) is equivalent to cyclic convolution. As 
a result, there is no ISI and frequency domain equalization can 
be implemented exactly by dividing by the frequency 
response of the channel, H. This is estimated, e.g. by 
transmitting known training data. If the received signal in the 
frequency domain is 
R = HS + N, (34) 
Where, S is the signal spectrum and N is the noise spectrum, 
then 
R/H = S + N/H. (35) 
Note that noise will be increased in sub-channels in which H 
is faded. Where there is no cyclic prefix, then the convolution 
is not cyclic and the convolution theorem does not apply 
exactly. Then 
 R’ = S + X + N, (36) 
Where, X represents the ISI in the frequency domain, 
introducing an error. It follows that  
 R’/H = S + (X+N)/H. 
 
(37) 
In conventional OFDM, symbols transmitted in sub channels 
where H is faded will experience increased probability of 
error due to X as well as to N. In the proposed system, the ISI 
is spread by the wavelet transform across a number of wavelet 
domain symbols. The deleterious effect on error probability is 
offset by having more symbol power, since none is wasted in 
transmitting the cyclic prefix. 
S1 S2 
ISI S1 ISI S2 ISI 
Fig. 6.  Production of ISI in the proposed system 
2.4 Maximal Ratio Combining 
The above mentioned technique is now extended to include 
a receive diversity scheme, using maximal ratio combining to 
obtain optimal performance, although at the cost of increased 
complexity. The benefits of using receive diversity, with a 
number K of different antennas, is to improve the effective 
(Eb/No) K times as compared to that of a single receive 
antenna [32]: 
𝛾 =  
 𝑕𝑘  
2𝐸𝑏
𝑁𝑜
𝐾
𝑘=1
 
 
 
(38) 
Where, K is the number of the receive antenna, and 𝛾 is the 
signal to noise power ratio (SNR) gain as the K increases. 
2.5 Alamouti Coded Wavelet based System  
Next, space-time block coding is introduced, which is also 
a MIMO technique. Fig. 5 below shows an Alamouti coded 
wavelet-based OFDM system with two transmitting and one 
receiving antennas. 
At the transmitter the binary data were BPSK modulated 
and then reformed into parallel data by a serial to parallel 
converter. After the IDWT process, the data were coded using 
the Alamouti scheme before transmission over a multipath 
Rayleigh channel with AWGN. The particular Alamouti code 
is as follows [37]: 
*
1 2
*
2 1
s s
S
s s
 
 
  
 
 
(39) 
 
 
Symbols s1 and s2 were transmitted in the first time slot (t) 
over the two channels and –s*1  and –s
*
2 (where * again 
denotes the complex conjugate) were transmitted in the 
second time slot (t+T). The symbols received can be written 
as: 
 
*
1 2
1 2
*
2 1
s s
R h h
s s
 
 
  
 
 
(40a) 
Or, 
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Fig. 7.  Proposed Alamouti Coded 2-Transmitter 2-Receiver-based Wavelet Multi Carrier System 
 
* *
1 1 2 2 2 2 2 1R h s h s h s h s
   
  
 
 
(40b) 
 
Where, hk represents the channel. AWGN has been added 
to each element of R. 
 
Now, R * SH, where, (.)H stands for the Hermitian 
transpose, gives: 
 
  2 21 2 1 2. . ( )
H HRS h S S h h s s    
 
(41) 
 
Since, 
 2 21 2. ( )
HS S s s I   
 
(42) 
Where, [I] is the identity matrix. 
Once R is known, for the subsequent unknown symbols, a 
matrix Q is constructed as: 
1 2
* *
2 1
h h
H
h h
 
  
  
 
 
(43) 
Then 
*
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     Where, HHH is a diagonal matrix. 
 Once the symbols are separated they can be decoded in the 
detector, the serial data passing through the DWT, and the N 
parallel streams then reformed via the parallel to serial 
convertor, prior to demodulation. 
In Fig. 7 we now show a discrete wavelet transform-based 
Alamouti-coded two transmitter and two receiver-based 
system. The transmitter part of the 22 Alamouti coded 
wavelet-based OFDM is the same as that of 21 but we now 
have two receive antennas, so that there are four channels 
involved: 
1 1
1 111 12
1 1
21 222 21
* *2* 2*12 11 2
1 1
* *
2* 2*22 21
2 2
y nh h
h hy nx
h h xy n
h h
y n
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                 
           
 
 
 
 
(46) 
Where, hij (for i=1,2 and j=1,2) is one of the four independent 
Rayleigh fading channels. Then after equalization the 
estimated transmitted symbols can be written as: 
 
1
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2 1
2*
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H H
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(47) 
In this case, equalized serial symbols then pass through three 
levels of DWT, the parallel to serial convertor and are then 
demodulated. 
3. SIMULATION AND RESULTS 
In this section the results from the systems described above 
are discussed. These were obtained through Monte-Carlo 
simulations. 
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 The first study was to compare the performances of different 
wavelet families: not all wavelet families perform alike 
because they all involve different filters. 
The results support the theory that the Daubechies family 
works best for reconstruction and can provide the best results 
in multicarrier systems, and Fig. 8 depicts an (Eb/No) gain of 
approximately 2 dB for a BER of 10-3 in a multipath Rayleigh 
channel with AWGN. 
The simulation was repeated under the same conditions as 
shown in Table I for Daubechies, Biorthogonal and Reverse 
Biorthogonal wavelets. 
TABLE I 
DWT SIMULATION PARAMETERS 
Parameter Parameter Value 
     Modulation scheme BPSK 
     FFT size Nil 
     Cyclic prefix 
     Wavelet families 
     Propagation  
     Decomposition stages 
     Symbol length       
Nil 
db8, bior1.3, rbior1.3 
Rayleigh fading + AWGN 
K = log2(N), N = 64 
26×M, M = 105 
 
After selecting the Daubechies wavelet family, a filter length 
of 8 was found, after several trials, to give the best balance 
between overall system performance and acceptable 
processing speed.  We next compared the BER performances 
of the wavelet packet transform-based system and the discrete 
wavelet-based system. Simulation parameters used for both 
the DWT and WPT are described in Table II below. 
TABLE II 
SIMULATION PARAMETERS DWT AND WPT 
Parameter DWT WPT 
Modulation 
scheme 
16-QAM, 64-QAM 16-QAM, 64-
QAM 
Wavelet family db8 db8 
Propagation     
Decomposition 
stages 
Symbol length       
Rayleigh fading + 
AWGN 
K = log2(N), N = 
64 
26×M, M = 105 
Rayleigh fading + 
AWGN 
K = log2(N), N = 
64 
26×M, M = 105 
 
Monte-Carlo simulation results obtained are shown below in 
Fig. 9. 
It was observed through simulations as shown in Fig. 9 that 
the DWT outperforms the WPT by an (Eb/No) margin of about 
5 dB for the same BER of 10-1. The performance of wavelet 
packet transform based system marginally improves at high 
(Eb/No) values, but the discrete wavelet transform still 
performs better. Thus we selected the DWT for our system. 
 
 
 
Fig. 8.  Performance Comparison of Different Wavelet 
Families 
 
Fig. 9.  Performance Comparison OF DWT and WPT in 
MCS 
     The final choice is what type of modulation scheme to use. 
Simulations were performed in which we choose four 
different types of modulations and kept the rest of the 
simulation parameters the same as in Table I. 
 
Fig. 10.  DWT-based MCS using different modulation 
schemes 
For simplicity and best BER performance BPSK was 
selected as the modulation scheme for the rest of this study. 
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TABLE III 
SIMULATION PARAMETERS DWT AND FFT 
Parameter DWT WPT 
 Modulation 
scheme 
BPSK BPSK 
 FFT size Nil 64 
 Wavelet family db8 db8 
 Propagation        
Decomposition 
stages 
 Symbol length       
Rayleigh fading + 
AWGN 
K = log2(N), N = 
64 
26×M, M = 105 
Rayleigh fading + 
AWGN 
K = log2(N), N = 
64 
26×M, M = 105 
Next we compared the conventional FFT-OFDM and 
DWT-based multicarrier systems. The results produced in the 
Fig. 11 and Fig. 12 clearly suggest that the DWT-based MCS 
performs better than the conventional Fourier-based OFDM 
system by a margin in (Eb/No) of about 6 dB at a BER of 10
-4 
in a multipath fading environment. 
 
 
Fig. 11.  Comparison of DWT-OFDM and FFT-OFDM 
in AWGN 
 
Fig. 12.  Performance comparison of DWT-based MCS 
and FFT-OFDM 
The model was then extended to use Maximal Ratio 
Combining receive diversity. 
The results obtained are depicted in Fig. 13 and they show 
that as the number of antennas on the receiver is increased the 
performance approaches that of line-of-sight systems. Also, it 
can be seen that wavelet-based MCS complies with the law of 
diminishing returns. Thus, the antenna gain decreases with 
increasing number of antennas. 
The Alamouti-based transmit diversity technique was then 
applied and compared with MRC which showed that two 
antennas on the transmitter side and one antenna on the 
receiver side has the same diversity order as that of one 
transmit and two receive antennas as suggested by Sivash 
Alamouti [38]. Fig. 14 shows these results. 
 
Fig. 13.  DWT-MIMO-MCS using Maximal Ratio 
Combining 
4. CONCLUSION 
In this work, an alternative technique to FFT-OFDM has been 
presented and investigated, and made comparisons between 
different wavelet families and different wavelet transforms a 
frequency-domain channel equalization method using zero-
forcing equalization was introduced which showed better 
performance than conventional FFT-OFDM frequency-
domain equalization. The proposed system exploits the special 
property of wavelet transforms such that filter distortions and 
signal aliasing is completely cancelled using the analysis and 
synthesis filters. This resulted in the perfect reconstruction of 
the original input data signal and perfect extraction of the 
multiplexed input signals. The aliasing cancellation condition 
that is imposed in the filter banks ensures no cross talk in the 
corresponding transmultiplexer. Meanwhile, the proposed 
wavelet transform multicarrier modulation scheme brought 
increased spectral efficiency, consequent on the non-inclusion 
of cyclic prefixing which needs up to 25% of the transmit 
bandwidth in the conventional FFT-based OFDM. 
Comparison between two different types of wavelet-based 
modulations was also presented which showed that the DWT 
performs better than WPT both in terms of BER performance, 
and in terms of processing times as WPT decomposition is 
performed at each node. Diversity techniques were then 
studied using the proposed DWT-OFDM with frequency 
domain equalization. Overall discrete wavelet transform-
based MC system performed better than the conventional 
OFDM system in terms of BER performance with savings of 
8% to 25% bandwidth. 
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